Introduction
Many hosts derive a defensive benefit from symbiotic associations. These beneficial interactions between symbionts are called 'defensive mutualisms', a term first coined to describe protection from predation by herbivores on plants in fungus -plant mutualisms [1] . Since then, examples of microbial symbionts protecting hosts from predation and pathogens to enhance fitness have been reported in many systems. For example, the facultative bacterial symbiont Hamiltonella protects aphids against parasitoid wasps [2] . Antibiotic producing bacteria carried by fungus-growing ants protect their fungal crop from attack by the parasitic fungus Escovopsis [3] . Streptomyces bacteria protect digger wasp larvae from fungal attack [4] . Other examples include triterpene glycosides produced by Caribbean reef sponges to discourage predation by reef fish [5] , and toxic secondary compounds produced by lichens to avoid predation by beetles [6] . Symbionts protecting hosts against toxins have been reported less often, but examples include detoxification of specific compounds by mammalian gut microbiota [7, 8] , and Burkholderia symbionts detoxifying compounds for both insect and fungal hosts [9, 10] .
In the soil environment, many different organisms are close together, so host defence may be particularly important. Under such dense conditions, organisms are at great risk of encountering threats such as toxins and pathogens. One organism found in soil and leaf detritus is the eukaryote social amoeba Dictyostelium discoideum. In favourable conditions, D. discoideum amoebae consume prey bacteria and increase in number by binary fission. However, if prey bacteria become scarce, D. discoideum amoebae enter a multicellular social stage, and aggregate by the tens of thousands [11] . This aggregate becomes a motile slug that moves towards heat and light. During this migration, exposure to toxins or bacterial pathogens can occur and compromise survival by limiting spore production. After migration, the slug reorganizes and ultimately becomes a structure known as a fruiting body. The fruiting body consists of a sorus containing fertile spores held aloft by a dead stalk composed of cells that have died to support the others. Spores formed during this stage are more resistant to environmental threats than the amoebae are [11] .
Recent research into how D. discoideum slugs protect themselves against toxins and pathogens discovered a new kind of cell that has immune-like phagocyte activity [12] . These specialized cells are called sentinel cells, and can sequester harmful toxins and pathogens in large vesicles within the sentinel cell. After collecting toxins and/or pathogens, these cells are left behind in the discarded slug sheath as the slugs move. As sentinel cells are sloughed off in the slug trail, new ones take their place in the slug, so sentinel cell numbers appear to remain constant in the slug at about 1% of the cell population. Sentinel cells do not increase in number even with increased toxic assault [12] . Sentinel cells thus function to sequester and remove harmful contaminants before final culmination as a fruiting body. These cells carry away contaminants, both toxins and pathogens, from the presumptive spore population, and can be compared with mammalian immune cells, such as neutrophils and macrophages [13] , or liver cells [14] .
In most wild D. discoideum clones, the multicellular fruiting body is effectively purged of all bacteria, presumably by the sentinel cell system. However, about one-third of the clones retain some bacteria in the final fruiting body stage and exhibit a primitive form of agriculture [15] . These clones, called farmers, engage in husbandry of their farmerassociated bacteria by not consuming all available preferred prey bacteria, but instead saving some to carry through the dispersal stage to seed new food populations. This ability provides a distinct advantage if edible bacteria are lacking at the new site. However, it comes with the cost of reduced spore production compared with clones that do not carry bacteria (non-farmers), so they are less successful if edible bacteria are already abundant at the new site [15] .
Farmers also carry non-food bacteria such as Burkholderia and Pseudomonas with defensive capabilities against nonfarmer competitors [16, 17] . Non-farmers (but not farmers) are harmed when farmers and non-farmers are mixed as amoebae and allowed to complete the social stage as evidenced by reduced spore production. We showed the inhibition (or harm) of non-farmer spore production is due to molecules secreted by farmer-associated Burkholderia [16]. Stallforth et al. also reported one strain of farmer-associated Pseudomonas fluorescens produces a novel small molecule, chromene, a polycyclic aromatic compound broadly similar to ethidium bromide (EtBr), which again decreases nonfarmer spore production and dramatically increases host farmer spore production [17] . Additionally, two clades of the non-food bacterium Burkholderia appear to induce farming; farmers cured of Burkholderia no longer carry food bacteria, and non-farmers exposed to certain clones of Burkholderia can carry food bacteria [18] .
Sentinel cells function to clear toxins and bacteria during the multicellular social stage. However, farmers carry host-associated bacteria during this same stage. This suggests a possible conflict between the need to carry beneficial bacteria and the mechanisms for clearing detrimental bacteria. Consequently, we hypothesize that in order to carry bacteria, farmers have a diminished ability to respond to pathogens or toxins compared with non-farmers, which would be shown by fewer sentinel cells. To test this, we investigated features of sentinel cells in farmers and non-farmers. We found that farmers have fewer sentinel cells than non-farmers and that bacteria in farmers augment the function of sentinel cells. 21 EtBr allowed migration across the Petri plate with minimal amoebae death while sufficiently staining the sentinel cells for quantification. We used 10 farmers and 10 non-farmers for these two assays (electronic supplementary material, table S1). The 10 farmers carried five different host-associated bacteria species as well as the laboratory food bacterium K. pneumoniae (electronic supplementary material, table S2). To prepare the migration plates, we embedded glass slides under a thin layer of EtBr non-nutrient agar on top of partially filled and solidified EtBr non-nutrient agar in a 150 Â 15 mm Petri plate. To set up the migration plates, we first prepared a concentrated stationary-phase liquid bacteria suspension by centrifuging an overnight culture of K. pneumoniae at 10 000g for 5 min at 48C. We resuspended the bacterial pellet in a small amount of nonnutrient buffer by vortexing. Next, we determined its optical density (OD) with a BioPhotometer (Eppendorf, New York) and diluted the solution to an OD A 600 of 35.0 in starvation buffer so that the bacterial concentration would be constant across treatments. We collected D. discoideum spores from each clone in starvation buffer, and determined spore concentration with dilution using a haemacytometer and a light microscope. We mixed 1.0 Â 10 5 spores in 50 ml of the prepared stationaryphase liquid bacteria suspension. We deposited the spore suspensions in a line on one side of each plate and allowed the liquid in the spore suspension to absorb into the agar (figure 1). Next, we wrapped the plates in foil with a small hole in the foil directly opposite the line of deposited spores and placed the plates in a lighted incubator (228C). Under these conditions, spores hatch and proliferate until the bacteria are consumed, and then starvation induces the start of the social stage. During the social stage, slugs can move. They are phototrophic and migrate across the agar towards the pinhole of light. We allowed the slugs to migrate towards the light for about 72 h before data collection.
Material and methods (a) Wild

(c) Visualizing sentinel cells
After the slugs migrated, we picked up the slides containing the slug trails that they had moved across. We used a Nikon A1Si laser scanning confocal microscope (Nikon, Tokyo) to image the slides under UV light (Texas Red filter) and 10Â magnification. Individual images (5-6) of each slug trail were taken and used to construct a composite image of the slug trails using the imagemanipulation program GIMP (v. 2.6; GNU Image-Manipulation Program, Public Domain). We counted the number of EtBr-stained sentinel cells (the cells which fluoresced most brightly and appeared rounded) found along five individual slug trails for each clone. Next, we used IMAGEJ64 (NIH, Maryland) to measure the length of each selected trail. The sentinel cell assay was conducted blind in the sense that farmer/non-farmer status for each wild isolate was revealed only after data collection was completed. Then, we compared the number of sentinel cells sloughed off per millimetre of slug trail by farmer slugs to the number sloughed off by non-farmers. The number of sentinel cells counted in individual slug trails and slug trail length are tabulated in electronic supplementary material, table S3.
(d) Spore production assay and spore viability under toxic conditions
We tested spore production in the presence of EtBr to examine the impact of toxic conditions during the social stage. We used seven farmer clones and seven non-farmers (electronic supplementary material, table S1). The seven farmers carried four different host-associated bacteria species as well as the laboratory food bacterium K. pneumoniae (electronic supplementary material, table S2). To obtain log-growth amoebae for the assay, we individually collected spores in starvation buffer from stock plates of our test clones. Then we plated 2 Â 10 5 spores in 200 ml K. pneumoniae suspension in starvation buffer at an OD of 1.5 A 600 on nutrient agar plates. We previously determined that spore germination and amoebae log growth occurs at about 32-36 h after plating with this plating regime. When clones reached log-phase growth, we added ice-cold starvation buffer to the plate to collect the amoebae. Next, we centrifuged the collected suspension of amoebae and bacteria at 1500g for 3 min to wash the amoebae free from bacteria. We washed the pelleted amoebae again using an excess volume of ice-cold starvation buffer three to four times depending on the amount of uneaten bacteria still present. We determined the density of washed amoebae with dilution using a haemacytometer.
To test spore production in a toxic environment, we used two conditions: (i) starvation agar plates containing 15 mg ml 21 EtBr as our toxic environment or (ii) starvation agar plates without EtBr as a control. We laid 13 mm AABP 04700 black filter squares equidistant on agar plates in duplicate for each clone in each condition. Next, we spotted the filters individually with 1.25 Â 10 6 amoebae in starvation buffer. We allowed the clones to hatch, grow and develop under direct light to limit potential movement of slugs before final culmination to fruiting bodies. The social stage was complete for all clones after about 24 h. We allowed the spores to mature in the fruiting bodies for an additional 24-48 h before collection. At that point, we collected each filter by placing the filter in a 1.5 ml conical Eppendorf tube containing 1 ml starvation buffer þ 0.1% NP-40 alternative. We vortexed each Eppendorf Tube briefly to evenly disperse the spores and counted without dilution to determine density by counting spores using a haemacytometer and a light microscope. We performed two technical replicates.
After determining spore density as above, we made serial dilutions of the EtBr-treated spores in non-nutrient buffer to determine spore viability under toxic conditions. We then plated 100 spores in association with K. pneumoniae on 10 nutrient agar plates. We determined the total number of hatched spores by counting plaques 2-3 days after plating.
(e) Preparation of cured farmers and non-farmers and spore production assay under toxic conditions
The five farmers carry farmer-associated Burkholderia Clade 2 bacteria [18] similar by 16S rDNA to Burkholderia xenovorans LB400 (98-99% identity; electronic supplementary material, table S2) as well as food bacteria K. pneumoniae. We removed (cured) farmer-associated bacteria from five farmers and five non-farmers (electronic supplementary material, table S1). Although non-farmers do not carry bacteria, we included the non-farmers with the farmers when treating with antibiotics to remove symbiotic bacteria (curing) as a control for the curing process. We treated all 10 clones by growing them on nutrient agar containing 0.1 g ampicillin and 0.3 g streptomycin sulfate per litre of nutrient agar and used heat-killed bacteria as food as reported by Brock et al. [15] , with two exceptions: (i) K. pneumoniae was substituted for Escherichia coli for the dead food bacteria; and (ii) we performed one round of treatment with antibiotics instead of two rounds [15] . After the social stage was complete, we affirmed that the D. discoideum clones no longer carried bacteria by placing 10 individual sori (spore masses), collected with a sterile, filtered pipette tip, from each treated clone on nutrient agar, and subsequently observed no bacterial growth (spot tests) [15] . Only the five untreated farmers contained bacteria in their sori and were 100% positive for bacteria in the tested sori (electronic supplementary material, figure S1 ). We also performed PCR using Burkholderia-specific 16S primers on sori from the cured and uncured farmer and non-farmer clones. All treated clones and untreated non-farmers were negative for Burkholderia; all untreated farmers were positive [19] . As an additional control, we plated K. pneumoniae and the farmerassociated Burkholderia Clade 2 strains on nutrient agar Petri plates with or without ampicillin/streptomycin to verify that these antibiotics killed the bacteria. We observed no bacterial growth on the nutrient agar plates with antibiotics while ) rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152727 bacterial growth was normal on the control plates. We therefore had five untreated farmers, five cured farmers, five untreated non-farmers and five non-farmers that had gone through the curing process. We performed the spore production assay as above with one replicate.
(f ) Statistical analyses
We analysed our data using a generalized linear mixed model with fixed effects (farmer and non-farmer) and a random effect (clone). Standard error and F-statistics were Kenward-Roger-corrected so that degrees of freedom are approximated using variances and correlations in the observed data [20] . Specifics of each analysis are found in the results section. We used SAS software (v. 9.2 for Windows) to analyse our data.
Results
In order to determine the differences in immune-like phagocyte activity between farmers and non-farmers, we compared the numbers of sentinel cells visible in the slug trails generated by farmer and non-farmer clones. For this experiment, we used a population of 10 farmers carrying five different species of farmer-associated bacteria (based on 16S rDNA sequence) as well as the laboratory food bacteria, and 10 non-farmers (electronic supplementary material, tables S1 and S2). Figure 1 shows a schematic cartoon of the experimental design. Cells left behind as the slugs moved were clearly visible in the slug trails under high magnification (figure 2a). Sentinel cells readily took up the fluorescent toxin EtBr [12] and had a distinctly rounded appearance. Thus, the brightness of these cells, when imaged under an ultraviolet light filter, allowed them to be distinguished from other cells present in slug trails.
We counted the number of sentinel cells found in five slug trails for each farmer and non-farmer clone, and then we calculated the average number of sentinel cells per millimetre of slug trail for each clone (electronic supplementary material, , respectively (figure 2b; for individual clones, see electronic supplementary material, figure S2 ).
Fewer sentinel cells may impair a slug's ability to defend against toxins and/or pathogens, generating a fitness cost. To address this possibility, we determined spore production and spore viability. For these tests, we used seven farmers with four different species of farmer-associated bacteria as well as the laboratory food bacterium, and seven non-farmers (electronic supplementary material, tables S1 and S2). We determined farmer and non-farmer spore production by allowing clones to complete the social stage in the presence of EtBr as our selected toxin or in non-nutrient buffer as our control, repeating the entire experiment with the same clones at two different times. We tested whether spore production varies by farmer status and/or the presence of EtBr. We found significant main and interaction effects (generalized linear mixed model: farmer F 1,12 ¼ 10.36, p ¼ 0.0074; EtBr F 1,12 ¼ 51.41, p 0.0001; farmer Â EtBr F 1,12 ¼ 93.31, p 0.0001). Differences among the four treatments are indicated by letters found in figure 3a, which reflect results of a post hoc Tukey's HSD test. Control non-farmers produced more spores than control farmers, as previously reported [15] . We assume this reflects a cost to the farmers of carrying and supporting bacteria. From these baselines, EtBr had different effects. We found non-farmer spore production was reduced from their baseline under toxic conditions, while, surprisingly, spore production for farmers did not change from their baseline, despite their lower number of sentinel cells.
Although farmer spore production is unchanged, potential harm from the toxin could be masked if the farmer spores are figure 3b .
To determine if the host-associated farmer bacteria could be augmenting the function of sentinel cells with regard to protection against toxic chemicals for farmers, we removed host-associated bacteria from farmers by treating with antibiotics (curing). We used five uncured farmers, each carrying a farmer-associated bacteria isolate most similar to B. xenovorans LB400 by 16S rDNA (the Burkholderia Clade 2 of DiSalvo et al. [18] ); the same five farmers, but deprived of their hostassociated bacteria by curing; five uncured non-farmers; and the same five non-farmers also treated with antibiotics as a control for the curing process (electronic supplementary material, table S1). We tested whether spore production varies by farmer status and/or antibiotic treatment (curing) when clones are exposed to a toxin (EtBr). The analysis of variance showed strongly significant effects for EtBr treatment and most interactions, and no effect on spore production of farmer status or curing (generalized linear mixed model: farmer
Interestingly, we found the farmer's protection from toxins is lost when Burkholderia Clade 2 farmer-associated bacteria are removed (figure 4). As before, uncured farmer spore production remains unchanged in toxic versus non-toxic conditions, but cured farmers produce fewer spores in toxic conditions, like the uncured or cured non-farmers.
Discussion
Dictyostelium discoideum's sentinel cells sequester and remove pathogenic bacteria and toxins in the multicellular social stage, performing functions analogous to vertebrate macrophages and liver cells. This trait could be disadvantageous to farmers because it might compromise their ability to retain the helpful bacteria that they need to carry through the social stage before colonizing a new site [15] . We therefore predicted farmers would have fewer sentinel cells than non-farmers. We confirmed this prediction, so we further predicted that the reduction in sentinel cells would cause farmers to have reduced ability to cope with toxins. But surprisingly, their deficit in sentinel cell production does not appear to impair or impact the ability of farmers to produce viable spores in a toxic environment. This is in marked contrast to non-farmers, who suffer significant harm in the same environment despite having more sentinel cells. Thus, something is preventing the farmers from being harmed by EtBr, so we hypothesized that the farmerassociated bacteria compensate (and in fact over-compensate) for the fact that farmers have fewer sentinel cells, at least with respect to this toxin. In support of this hypothesis, we found that removal of farmer-associated bacteria caused the farmers to lose their protection against toxins, evidenced by reduced spore production, just like non-farmers. Their spore production increased in the absence of toxin to the level of non-farmers ( presumably because they no longer pay a cost of supporting the bacteria), but their spore production was . Protection against the toxic effect of EtBr is lost when farmerassociated bacteria are removed. We compared spore production of five farmer clones either with (uncured) or without (cured) their farmerassociated bacteria to five non-farmers treated under the same conditions as a control. These clones were grown with or without EtBr (toxin). Spore production for cured farmers is reduced to the same level of harm as seen for non-farmers (either cured or uncured). The curing process had no significant effect on non-farmer spore production in either condition. Significant differences in spore production between conditions are indicated by different letters, which reflect results of a post hoc Tukey's HSD test. Error bars show s.e.m.
rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152727 now harmed by EtBr. We have previously reported that non-food bacteria carried by farmers benefit their host by protecting against competition from non-farmers [16, 17] . Here our findings suggest an additional role for non-food farmer-associated bacteria: enhancing the capacity of farmers to protect against toxins.
How could farmer-associated bacteria supplement the sentinel cell protection role of removing toxins and pathogenic bacteria during the multicellular, social stage? In this study, we used EtBr as our toxin to challenge farmer and non-farmer clones. EtBr is a polycyclic, aromatic compound with a phenanthridine core [21] . EtBr binds nucleic acids, and one hypothesis is that the carried bacteria simply bind up the EtBr. An alternative is that the EtBr is degraded and even used as a carbon source, as has been reported for other members of Betaproteobacteria and Gammaproteobacteria [22] , to which the carried bacteria studied here belong. The farmers used in the spore production and viability assays carry four different species of farmer-associated bacteria, each of which is capable of degrading polycyclic aromatic hydrocarbons and using these reduced compounds as potential sources of carbon and/or energy: Burkholderia Clade 2 [18] similar by 16S rDNA to B. xenovorans [23] , Burkholderia Clade 1 [18] similar by 16S rDNA to B. fungorum [24] , Stenotrophomonas maltophilia [25] and P. fluorescens [26] . Therefore, the ability of these farmer-associated bacteria to degrade aromatic compounds taken together with the evidence presented here suggests that farmer-associated bacteria may be augmenting the protection role of sentinel cells for farmers.
Cases of symbiotic bacteria detoxifying compounds for their hosts have been reported across other taxa and may represent a general phenomenon. In one example, the rumen microbiota of some cattle, sheep and goats enabled them to forage successfully on a legume, Leucaena leucocephala, containing the toxic acid mimosine [7] . The microbiota of these ruminants degrade toxic intermediates (dihydroxypyridines) from mimosine metabolism and interestingly can be transferred to naive ruminants to confer resistance. In another report using mice with and without antibiotic treatment to suppress gut flora, the author found bacteria in the gut can rapidly degrade methylmercury, a potent neurotoxin, by demethylation to elemental mercury and mercuric ions [8] . Inorganic mercuric mercury is poorly absorbed by the body and quickly eliminated by faeces, relieving the body burden by greatly reducing neurotoxicity.
Two recent studies report a beneficial interaction between hosts and their symbiont Burkholderia bacteria similar to the detoxification we reported in our system. One of these studies describes insecticide-degrading bacterial symbionts of stinkbugs [9] . These mutualistic gut symbionts of the genus Burkholderia can confer resistance to Fenitrothion, a common organophosphorus insecticide used worldwide, immediately upon infection of the nymphal host. These symbiotic bacteria break down the insecticide and use the final metabolite as a carbon source for their growth while simultaneously enhancing the growth and size of their host. In another study, Nazir et al. found that the soil bacterium Burkholderia terrae BS001 can protect several types of colonized soil fungi partners from antifungal agents such as the metabolite cyclohexamide produced by P. fluorescens strain CHAO [10] . Protection provided by the bacteria to the fungal mycelia could be from detoxification of antifungal metabolites, physical shielding of the fungal hyphae, or both.
Although detoxification mutualisms do not seem to have been very widely reported, they could nevertheless be very important. It has been suggested that the endosymbiosis leading to mitochondria might have originated as a detoxification mutualism [27] . With the rise in environmental O 2 , anaerobes to which it is toxic could gain protection by harbouring aerobic bacteria that mop up oxygen.
How toxic the soil environment is for D. discoideum or other protists seems to have been little studied. However, bacteria, including soil bacteria, are notorious for production of secreted compounds that are toxic to other bacteria, including various antibiotics and bacteriocins. It would be very surprising if they did not sometimes use parallel means to protect themselves from common predators, and toxin release has been proposed as a major mechanism of defence against protists [28] . This probably includes toxins encoded by phage carried by bacteria, including shigatoxin and diphtheria toxin [29] [30] [31] . An unusually well-studied system is P. fluorescens, which is one of the four species we studied. It secretes a variety of extracellular compounds, including the antibiotics 2,4-diacetylphloroglucinol, pyoluteorin and pyrrolnitrin, an extracellular protease (AprA), and the volatile compound hydrogen cyanide, which have profound effects on several protists [32, 33] . Fungi also produce many toxic secondary metabolites [34] . Soil, and particular forest soil, also contains polycyclic aromatic compounds from both human (e.g. fossil fuels) and natural sources (e.g. wildfires [35, 36] ), and various bacteria are good at breaking them down [37] . Finally, that some such compounds are natural dangers to D. discoideum is supported by the fact that it has evolved a complex mechanism-sentinel cells-for their removal. Sentinel cells appear to be a somewhat general defence, removing EtBr, acridine orange and Hoecht 3, three polycyclic aromatic compounds with rather different structures [12] .
Here, we showed farmer-associated bacteria protect the host farmer from deleterious effects caused by the toxin EtBr. These farmer-associated bacteria may behave similarly towards other toxins, particularly those with polycyclic aromatic hydrocarbons. But this needs further testing, particularly given the possibility that protection from EtBr, but not most other toxins, could come from binding to bacterial nucleic acids. In this study, we have not tested whether the farmer-associated bacteria enhance immune function against pathogens, although examples of bacteria aiding the immune function of their hosts have been reported in other systems [38, 39] . Using this eukaryote Dictyostelium farmer/ host-associated bacteria system could provide a simple platform to elucidate the precise mechanisms of defence and immune action. Overall, the data we describe here broaden the scope of advantages farmers gain from carrying bacteria to include not just food and protection against competitors, but also a new function: protection against toxins. Funding. This material is based upon work supported by the National Science Foundation under grant nos. NSF DEB1146375 and NSF IOS 1256416, and the John Templeton Foundation grant no. 43667.
